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Mechanistic alternatives in phosphate monoester hydrolysis: what
conclqsions can be drawn from available experimental data?
Johan Aqvist', Karin Kolmodin', Jan Florian? and Arieh Warshel?

Phosphate monoester hydrolysis reactions in enzymes
and solution are often discussed in terms of whether the
reaction pathway is associative or dissociative. Although
experimental results for solution reactions have usually
been considered as evidence for the second alternative,
a closer thermodynamic analysis of observed linear free
energy relationships shows that experimental
information is consistent with the associative, concerted
and dissociative alternatives.
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The hydrolysis of phosphate esters is an important reaction
in many biological systems. Over the past forty years a con-
siderable amount of work has been devoted to the mecha-
nisms of phosphate ester hydrolysis and related phosphoryl
transfer reactions in aqueous solution; one of the main
objectives has been to distinguish between the different
mechanistic pathways corresponding to associative and dis-
sociative phosphoryl transfer processes. The extremes of
these two mechanisms involve expulsion of a monomeric
metaphosphate ion prior to nucleophilic addition for the
dissociative pathway (unimolecular elimination), and forma-
tion of a pentacoordinated transition state or transient inter-
mediate prior to leaving group expulsion for the associative
mechanism (bimolecular association).

The currently dominating view regarding phosphate ester
hydrolysis in solution is that diesters and triesters follow a
more associative-like pathway, whereas the hydrolysis of
monoesters proceeds by a dissociative mechanism [1-4].
The latter does not necessarily mean that free metaphos-
phate is formed as an intermediate, but it is rather inter-
preted such that the rate-limiting transition state (T'S)
mainly involves leaving-group bond fission with little
bond formation to the incoming nucleophile. It would
then be expected that the total axial phosphorous—oxygen
bond order is lower in the TS than in the reactants and
products. This dogma is, however, repeatedly challenged
by enzyme studies in which phosphate monoester cleav-
age is often interpreted in terms of more or less associa-
tive bimolecular mechanisms [5-12]. The other
alternative, namely that enzymic monoester cleavage gen-
erally proceeds by a dissociative unimolecular elimination

mechanism as in solution, has, however, also found its
proponents [4,13]. It is also possible that the energetics of
the associative and dissociative mechanisms are similar in
solution and that enzymes catalyzing phosphate mono-
ester (P-O bond) cleavage actually can alter the mecha-
nism of their uncatalyzed reaction counterparts.

This controversy can be examined further by a closer
thermodynamic analysis of available experimental data that
have been taken as evidence for the dissociative mecha-
nism of phosphate monoester hydrolysis in solution. It
appears that most, if not all, experimental information
about the nature of phosphate hydrolysis in solution leads
to much less conclusive interpretations than previously
thought. In fact, the evidence invoked for postulating a
dissociative mechanism is found to be equally consistent
with an associative or concerted mechanism.

Phosphate ester hydrolysis rates

The original unimolecular dissociative hydrolysis mecha-
nism for simple phosphate monoesters (e.g. CH;0PO,%)
was proposed as an explanation for the higher reactivity of
the (singly protonated) monoanion than that of the neutral
and dianionic species [14,15]. Furthermore, the possibility
of a bimolecular displacement through OH- attack on the
uncharged (doubly protonated) phosphate group was con-
sidered improbable because monoesters have a signifi-
cantly higher reactivity than diesters and triesters. In other
words, if the reaction:

H,0 +ROPO,H~ 5HOPO,H™ +ROH (D

were to involve a pre-equilibrium proton transter (PT)
step followed by OH~ attack:
K

€q

H,0 + ROPO,H- = OH-+
ROPO,H,*> HOPO,H- + ROH

then the overall hvdrolysis rate (k) would be determined by
the pK, difference involved in the pre-equilibrium step
(AGpt ~19-20 kcal/mol) together with the rate for OH-
attack (k") on the neutral ester. The latter rate was then
assumed to be the same as that for OH™ attack on the
diester anion and triesters (~10-2s"IM-1) [15,16], which is
clearly too slow to account for the observed value of k. An
alternative mechanism for monoester monoanion hvdrolysis
was therefore proposed:

H,0 + ROPO;H™ — H,0 + RO(H)POS —

3)
H,0+PO7 +ROH — HOPO,H™ +ROH
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where protonation of the leaving group could also be
accomplished through intervening solvent molecules.

Recent theoretical calculations (@4 initio plus solvation) [17]
addressing the assumption that the rate of OH™ attack on a
triester (trimethylphosphate) is similar to that on the corre-
sponding neutral monoester (CH3OPO3H2) showed that
the barrier for hydroxide ion addition to the monoester is
12-13 kcal/mol lower than for the triester, making a pre-
equilibrium PT mechanism according to equation 2 quite
feasible. The reduced barrier for the monoester was found
to arise from hydrogen-bonding interactions and differential
solvation of the two esters. Furthermore, in the absence of
any direct experiment about the energetics for the attack of
OH-~ on a neutral monoester, it appears much more reason-
able to accept the results of reliable a4 initro studies than
the traditional estimate of this energy.

In view of these results, is there any compelling evidence,
based on overall reaction rates, that rules out bimolecular
displacement through an associative mechanism? Here, we
will consider mainly the monoester dianion reaction because
the dianion is the substrate in many enzyme reactions,
including those involving G proteins and several phospha-
tases. By analogy with the monoanion, this reaction has
also been postulated to proceed through a dissociative uni-
molecular elimination pathway [3,4,16]. The mechanisms
corresponding to equations 2 and 3 for phosphate mono-
ester dianion hydrolysis are:
K,
H,0 + ROPO{~ — OH-+ 4)
,

ROPO,H- 5 HOPOZ + ROH

and

2 2
H,0+ROPO3™ - H,0+PO;+RO™ - HOPO3; +ROH (5)

for the associative mechanism with pre-equilibrium PT
and for the dissociative mechanism, respectively.

Experimental results, from studies carried out by Kirby
and Varvoglis [16,18] in the late 1960s, can be used to
illustrate that the difference in rate between the mono-
anion and dianion reactions is fully consistent with the
mechanism of equation 4. The experimental results for 2,4-
dinitrophenyl phosphate esters [18] are summarized in
terms of standard free energies of activation in Table 1. By
comparing the barrier for OH™ attack on the triester with
that on the diester anion a reasonable estimate of the pure
electrostatic (repulsive) effect can be obtained because no
hydrogen bonding to the nucleophile is possible for the
unprotonated phosphate groups. This gives AAG:‘*(QP}‘US =
00— Qphos=—1) ~+5 kcal/mol associated with {(mainly)
changing the charge state of the substrate from neutral to -
1. This estimate might be complicated by a possible rate
acceleration caused by the ring, which would make the
electrostatic effect even smaller. The magnitude of the

Table 1

Activation barriers for 2,4-dinitrophenyl phosphate reactions.

Reaction AG* (kcal/mol)
(0]
.
H™ +
@]
1
B P.
OH™ + _O/ \\OAr 23.0
OMe
(0]
!l
H,O + oo 30.0
OMe
o]
IFl
2- 0

Calculated from second-order rate constants in Table 5 of [18] and
converted to standard state free energies (25°C, 1 M) using Eyring's
equation with a transmission factor of unity.

repulsive electrostatic effect is found to be quite small. If
we consider the mechanism of equation 2 for the third reac-
tion in Table 1 (diester hydrolysis), we obtain AGHk') =
30-23 = 7 kcal/mol for attack of OH™ on the neutral proto-
nated diester. This estimate is obtained by subtracting from
the overall activation barrier the free energy of the pre-equi-
librium step, AGQq = 23 kcal/mol, obtained using a pKa of
-1.16 for methyl 2,4-dinitrophenyl phosphate [19].

Considering the energetics of the fourth reaction in Table 1,
namely dianion hydrolysis, according to the mechanism of
equation 4, the pre-equilibrium step gives AGgq =
15 keal/mol using the second pK, = 4.5 of 2,4-dinitrophenyl
phosphate [19]. A reasonable estimate of the barrier for
OH-~ attack on the monoanion, which now has one proton
that could stabilize the incoming nucleophile, is obtained
by adding the ‘pure’ electrostatic repulsion effect of
+5 kcal/mo! to the barrier (according to equation 2) for OH~
attack on the neutral protonated diester. This vields
AGH*K’) =7 + 5 =12 kcal/mol for addition of OH~ to the
monoester monoanion. So the overall reaction barrier of the
dianion is predicted to be AG* =15+ 12 =27 kcal/mol,
which is in good agreement with the experimentally
observed free energy barrier of ~26 kcal/mol (Table 1). The
experimental results for these compounds, which have
often been quoted as evidence for a dissociative mechanism
[2,4,14,15,20], are therefore entirely consistent with an asso-
ciative process. The observed hydrolysis rates alone there-
fore do not provide sufficient evidence for a unimolecular



elimination mechanism in the reactions of phosphate
monoesters. Of course, the reactions may still involve such a
dissociative mechanism but this cannot be proven simply
by considering the observed rate constants and, as will be
seen below, the interpretation of other experimental facts is
also subject to ambiguities.

What is the evidence for dissociative pathways?

Most of the literature on phosphomonoester hydrolysis has
favoured the dissociative or metaphosphate mechanism
[1-4,20]. Apart from the arguments based on overall rate
comparisons for monoesters, diesters and triesters that do
not seem to hold, the main lines of evidence quoted are:
linear free energy relationships (LFERs) indicating a strong
dependence of the rate on the leaving group; a large 130
isotope effect for the leaving group bridging oxygen; and
activation entropies close to zero. We will examine further
each of these types of experiments.

Linear free energy relationships

LFERs between the rates of phosphoester bond cleavage
and the pK, values of the nucleophile (nuc) and leaving
group (lg) have been used frequently in the analysis of
these reaction mechanisms. The corresponding Brgnsted
coefficients (B_ _and Blg) are defined by:

nuc

dlogk AAGE,
Bnuc/lg = ol nuc/lg (6)
dpK, 1.36ApK;
where AAGtot:t denotes the overall (rate-limiting) activation

free energy barrier of the reaction. A schematic reaction
with the metaphosphate and pentacoordinate phosphate
group as limiting mechanisms is shown in Figure 1a for the
phosphomonoester dianion (equations 4,5). The actual
topography of the solution energy surface has not been fully
established. A wvalley, or rather the existence of minima,
along the associative—dissociative diagonal has been impli-
cated from both experimental data [19] and carly theoreti-
cal calculations [7,21,22]. More recent @b initio Langevin
dipoles studies have provided a more complex picture with
activation barriers along the associative and dissociative
pathways [23,24]. Furthermore, we have carried out semi-
empirical calculations with geometry optimization in a high-
dielectric continuum on the CH;OP(O;H)OCH,>~ struc-
ture utilizing the AM1-SM2 and PM3-SM3 hamiltonians
[25]. Both of these models locate associative-like minima
with slightly increased axial bond order to P compared with
the methyl phosphate dianion. A local minimum some-
where along such a valley will correspond to a very high-
energy structure that would not be easy to observe experi-
mentally. The general features of the potential surface can
be outlined as in Figure 1.

As indicated in Figure la, we have several transition
states on the free energy surface for phosphate hydrolysis
[23], whereas traditional interpretations of LFERs have
assumed a single transition state for each of the pathways
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(a) Schematic reaction coordinate diagram for phosphory! transfer
between two axial groups X and Y (i) reactants, (i) associative
transient intermediate, (iii) dissociative transient intermediate and

{iv) products. (b) Schematic free energy surface for the monoester
dianion phosphoryl transfer reaction between X and Y; labelling of the
corners of the diagram as in (a).

(associative and dissociative). When examining LFERs
one has to consider the effect of the free energy differ-
ence in each step on the corresponding activation barri-
ers [26-28]. Thus, changing the pK, (or nucleophilicity)
of the nucleophile or leaving group does not only affect
the energetics of steps involving proton transfer with that
group, but also affects the overall reaction free energy as
well as the pK, of the attached phosphate group. The
effect of the leaving group on the reaction free energy,
for the reaction XO-PO,;>+ H,0 — HO-PO,* + XOH

is given by an empirical equation from Bourne and
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Williams [29] (in kcal/mol, after correction for the 55 M
concentration of water):

AG®,, =0.5pKXOH _ 7.8 (7)

Furthermore, the effect of changing the pK, of XOH when
attached to the phosphate group causes the pK, values of
the phosphate to shift as ApK, (phosphate)/ApK (Ig) ~0.23
(this value is calculated from the data in [19,29]).

A more detailed energetic picture (Figure 2) helps to relate
shifts in nucleophile and leaving group pK, values to
changes in activation barriers. This figure depicts three sec-
tions of the overall energy surface: one (Figure 2a,b) along
the associative corners (i — i — iv: pre-equilibrium PT),
one {Figure 2¢,d) along the dissociative corners (1 — it —
iv: unimolecular elimination) and one (Figure 2 e,f) along a
concerted pathway (i — iv). These sections are drawn as
intersections of parabolas (including those representing
proton transfers) to clarify the relationship to Marcus-type
LFER treatments [26-28], where the transition-state ener-
gies are correlated with the crossing of the relevant parabo-
las. In the associative case the proton transfers are depicted
as stepwise, with distinct resonance structures, to indicate
the effects of pK  shifts on the energy of each state.
Although such proton transfers might in reality be con-
certed with bond making/breaking to P, this would simply
reflect mixing of the relevant resonance structures. In the
dissociative case, it is not clear for the dianion reaction
exactly how proton transfer from the nucleophile to the
leaving group would proceed (e.g. solvent assisted or via
transient protonation of metaphosphate), but the pK, differ-
ence between the two groups will inevitably be involved in
the energetics as illustrated by the two high-energy reso-
nance forms of Figure 2¢,d.

In analyzing the LFERs we will try to draw quantitative
conclusions using Marcus’ relationship for successive steps.
That 1s, for steps that involve crossing between two adja-
cent resonance structures, 1 — j, we can use:

dAGE,,  dIAGL +A, ) [4h ] AGL, 1 (8)
B' = 1-3] — =] 3] 1=} - _|+_
T dAGL) dAGY,,) o 2

where A is the reorganization free energy. Assuming that A
is significantly larger than AG® we obtain:

MGt 1 o
AAG® 2

To obtain the LFER for each mechanism considered in
Figure 2 we have to express AAG® for all resonance struc-
tures in terms of ApK, "¢ or ApKe.

Bisj=

First, we consider the associative reaction, which is rate
limited by cleavage of the bond to the leaving group (late
TS, see Figure 2a). Here, the AG® changes due to lower-
ing the pK, of the nucleophile are drawn relative to the

energy of the product. The reactant state (1) is reduced
by 0.5ApK>U kcal/mol (equation 7). Because the free
energy difference between (2) and (1) is determined by
the pK, difference between the phosphate group and that
of the nucleophile, the energy of state (2) is reduced by
(1.36 + 0.5)ApK ™. The energy of state (4) will also drop
relative to the product (5) because, in this case, pKaPh"S
will change by 0.23ApK, "¢ [19,29], yielding a free energy
shift in kcal/mol of 1.36 x 0.23ApK™“¢ = 0.3ApK™e, It is
less clear exactly how much the high-energy state (3) would
be shifted, but its energy is also likely to be somewhat
lowered relative to the product (but not as much as state 2)
because the nucleophilicity of X decreases and its bonding
to P will be weaker in the pentacoordinated complex. A
small positive value of Brgnsted coefficient B, will result,
because the main effect of lowering the nucleophile pK, is
exerted on the energy of state (2), which is not rate deter-
mining if the TS is late.

Figure 2b shows the corresponding effects for an associa-
tive mechanism if instead the pK, of the leaving group is
lowered. Now the main effect is found on state (4), which
is directly involved in the curve crossing that determines
the barrier for a late TS. The free energy of state (4) is
lowered by (1.36 + 0.5)ApK!¢ relative to the reactant
state (1). In the extreme case corresponding to a lowering
of the high-energy state (3) by the same amount as (4), the
rate limiting TS determined by the crossing of these two
curves will also be subjected to the same shift. This would
then vield a maximum negative value of B}g =—(1.36 +0.5)/
1.36 = —1.4 because the entire lowering of state (3) is real-
ized as a reduction of the activation barrier relative to the
reactants. In the other extreme case in which state (3) is
unaffected by lowering pK, '8, equation 9 predicts a value of
Blg =-0.7. It is therefore clear that a large negative value of
By, will be observed.

For the dissociative mechanism, Figure 2¢,d demonstrates
the effects of nucleophile and leaving-group pK, values on
the energetics of phosphate transfer. It is worth noting here
that for a completely dissociative mechanism (free meta-
phosphate anion as an intermediate) with an early TS the
value of Bnuc will be exactly zero, as states (1) and (2) are
shifted by the same amount. On the other hand, B]g will
again be negative as can be seen from Figure 2d. As the

Figure 2

Free-energy diagram depicting the different (diabatic) states (a,b) along
a stepwise associative phosphoryl transfer pathway involving pre-
equilibrium proton transfer to the phosphate group, (c,d) along a
stepwise dissociative phosphoryl transfer pathway involving unimolecular
elimination of metaphosphate from the dianion, and (e,f) along a
concerted pathway also involving pre-equilibrium proton transfer. The
reaction in {a—d) is considered to be rate-limited by leaving-group bond
fission. The dashed curves show how the free energies of the different
states are shifted when the pK, of the nucleophile (a,c,e) and the leaving
group (b,d.f) is lowered (see text for details).
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carly TS is determined only by the crossing of states (1) and
(2), however, the Marcus type of relationship (equation 9)
between AG* and AG for that step can again be used to
predict the value of B;,. As equation 7 gives the lowering
of the product state (4) relative to the reactants (1) as
O.SApK;g, and as the energy difference between states (3)
and (4) is unaffected by the leaving group, state (3) will
also be lowered by 0.5ApK %, The free energy difference
between states (3) and (2) is given by 1.36ApK % so state (2)
changes by (1.36 + 0.5)ApK 8. Applying equation 9 to the
crossing of states (1) and (2), a value of B, = 0.9/1.36 = 0.7
is obtained. It therefore appears more diffslcult to rationalize
observed values around or smaller than —1 than wich the
pre-equilibrium PT mechanism, where such a value can
arise from a lowering of both states (3) and (4).

To analyze the phosphate monoester solvolysis dara
reported in [3], to check whether the experimental values
of Byye ~0.1 and By, ~ 0.9 are mutually consistent in the
framework of an associative mechanism, we use the experi-
mental By, = —0.9 (and equation 9) to determine the shift of
energy of state (3) in the associative mechanism of Figure 2b
and obtain a value of AAG?, _ ;= 0.5ApK 8 kcal/mol. That is,
state (3) is lowered by approximately the same amount as
the products (or, conversely, the reactants when pK "¢ s
changed). We can then predict the LFER for lowering the
pKa of the nucleophile in the associative mechanism
(Figure 2a). The reduction of the TS relative to the reac-
tants becomes AAGH_, = 12 x 0.2 ApK ¢ and the result is
therefore B, . = +0.1. Hence, the associative model is again
found to be in good agreement with the experiments which
yield a B . of the same magnitude.

Here it is, however, worth noting that the above analysis
does not rely on any assumption regarding the detailed
nature of state (3) in Figures 2a,b. The same analysis could
therefore be applied with a transient intermediate having
low axial bond orders to P, that is a dissociative one, as long
as a pre-equilibrium PT to the phosphate group is consid-
ered. In such a case one would still observe a large negative
value of B‘g, but for a TS that is now associated with the
incoming nucleophile rather than with the leaving group.
This illustrates that the protonation state of the phosphate
group in the TS is an equally important issue as its bond
orders to the axial ligands.

Figure 1b shows two reaction paths that would vield a larger
absolute value of By, than B .. In fact, as long as proton
transfer from the nucleophile to the phosphate group is con-
sidered, a concerted mechanism also gives rise to a smaller
absolute value of B, than B, (Figure 2e,f). With equation 9
applied to AAG*,_,; one predicts B, = 0.4 and Blg =-0.8in
the same way as above. With a slightly higher value of
B,_,; =90.75 in equation 9, the calculation exactly reproduces
the experimental results [3]. This shows that for a mecha-
nism involving pre-equilibrium PT from a nucleophile that

is protonated in the reactant state, there is an intrinsic asym-
metry with a larger absolute value of By, than B, that has
nothing to do with whether the TS is associative or dissocia-
tive. Of course, the dependencies of logk on pKM<g in
Figure 2a—d cannor be strictly valid over the entire range of
pKrule | because the TS is bound to be shifted from early
to late, or vice versa, at some point. That is, both the associa-
tive and dissociative (but not the concerted) mechanisms
are expected to show a break in the B . and Blg plots when
this shift of TS occurs. Experimental data for the dianion
hydrolysis reaction mostly cover a limited range of pKpucllg,
however, so it is not clear whether such a break exists or not
(see Figure 4 of [16] where there is some indication of a
change in slope for the monoanion case).

What mechanistic information can then actually be inferred
from reported LFERs between phosphorvl transfer reaction
rates and nucleophile/leaving group pK,, values? It should
be kept in mind that several such reported correlations refer
to highly exothermic and asymmetric reactions, such as
ester hydrolysis reactions involving the often studied nitro-
phenyl phosphate leaving groups as well as acyl phosphates
and nucleotide monophosphates and diphosphates (AMP,
ADP, etc.) [3,16,18,20,30].

Although the attack rates of amines on phosphate mono-
esters might not be altogether relevant for the processes
with oxygen nucleophiles predominantly found in biologi-
cal reactions, the pioneering study of Kirby and Varvoglis
[30] showed a marked insensitivity of reaction rates of
2,4-dinitrophenyl phosphate dianion to a series of substi-
tuted pyridine nucleophiles. Yet, the entropy of activation
was found to be around —20 entropy units (e.u.) and was
therefore interpreted in terms of a bimolecular displace-
ment mechanism [30]. In contrast, a strong dependence on
the pK, for various nitro-substituted phenyl leaving groups
was found in reactions with a given nucleophilic agent [30].
Such a comparison should, however, be interpreted care-
fully because the reactions are clearly ‘asymmetric’ with
respect to the nucleophile/leaving group. For example,
semiempirical AM1 calculations on these nucleophiles and
leaving groups show that, although the electron density on
the leaving oxygen for phenolate groups drops considerably
with attached nitro-substitutents, the effect on the nitrogen
nucleophile charge caused by nitro- or amide-substituents
on pyridines is very small. Nevertheless, similarly large
pK, shifts are observed in both cases. Furthermore, the
amine nucleophiles studied by Kirby and Varvoglis [30]
cannot involve any pre-equilibrium PT because the pH was
adjusted to keep the nucleophile deprotonated (neutral) in
the dianion reactions. On the other hand, when the reac-
tions of (protonated) amines with the 2.4-dinitrophenyl
phosphate monoanion at low pH was examined a relatively
large value of B_ . (0.56) was obtained [30]. It is of interest
to note that, for the reaction of 2,4-dinitrophenyl phosphate
dianion, the lack of nucleophile sensitivity among a series



of amines is, in fact, contrasted by a more pronounced
dependence on different oxygen nucleophiles (compare
with Table 5 of {18]). The reaction with H,O is 340 times
slower than with hydroxylamine, whereas OH™, acetate and
F~ attack was not detected at all [18].

There are a few examples of studies of phosphoryl transfer
between more symmetric groups, notably those of Skoog
and Jencks [31] and Bourne and Williams [32] who exam-
ined (POy7) exchange between substituted pyridines. A rel-
atively weak nucleophile/leaving group dependence was
found in these cases and the mechanism was interpreted in
terms of a more or less symmetric TS with similar bonding
to the nucleophile and leaving group. Whether such a tran-
sition state or an adjacent high-energy intermediate should
be regarded as associative or dissociative would then again
depend on the total axial phosphorous bond order change.
But, as no proton transfers are involved in this case, the
question is merely a matter of bond lengths. It is interesting
to note here that no break in the B . plot was observed in
[31], whereas the reaction rate with isoquinoline as leaving
group appears to become independent of nucleophile above
a pK2u© of ~6 [32]. It does not seem unreasonable to expect
the phosphoryl exchange reactions with pyridines (and
isoquinoline) to be more concerted than reactions of the
hydrolysis type where proton transfers must also take place.
It also seems more difficult to envisage a symmetric dis-
sociative dianion transfer transition state (or high-energy
intermediate) when the stable form of the free nucleophile
and leaving group is protonated, without involving protona-
tion of the phosphate group. Such an alternative is, in
principle, equivalent to equation 4 with low axial bond
orders in the TS. The low pK, estimated for metaphos-
phate, however, makes such a dissociative mechanism seem
less likely [19]; this seems to be a reason why the possibility
of a pre-equilibrium proton transfer yielding a TS with pro-
tonated metaphosphate character is usually excluded in
dissociative mechanism proposals. In fact, it is not clear
from the literature what the dissociative T'S for a symmetri-
cal monoester dianion reaction with axial groups of high
pK, (e.g. simple alcohols) is assumed to look like. In partic-
ular, to avoid a protonated metaphosphate-like TS, there
must be another reversible mechanism for the net proton
exchange between the nucleophile and leaving group.

Another example of LFERs for monoester reactions has
been reported by Herschlag and Jencks [33] who measured
the reactivity of phosphorylated pyridine monoanions with
different oxygen nucleophiles. They find that the relative
rate of OH™ attack compared with that of H,0O (kgy/ky 20)
is ~80 times faster for the reaction with phosphorylated pyri-
dine (pK,'¢ = 5.4). With morpholinopyridine (pK,'® = 9) the
corresponding ratio is kop/ky 0= 570. As noted above, the
nature of the leaving group affects the pK, of the phosphate
itself according to ApK,(phosphate)/ApK (Ig) ~0.23. The
pK, difference between pyridine and morpholinopyridine
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would then lead to a difference in the phosphate group pK,
of ApK, = 0.83. For a pre-equilibrium proton transfer mech-
anism, in the case of atrack by H,O (compare with
Figure 2b), this pK, shift yields a PT free energy change of
AAGY = 1.13 keal/mol. Such a shift corresponds to the
lowering of state (2) in Figure 2b. Measuring the TS
barrier height from states (1) and (2), respectively, deter-
mines the difference in rate between the H,0 and OH~
nucleophiles (for a given leaving group). The change in
phosphate pK due to the leaving groups should therefore
be directly reflected in the relative reaction rates kypy/kgyo
for a mechanism like equation 2. This can also be seen
from Figure 2b in which the relative rate of H,0 and OH~
attack 1s determined by the free energy difference between
states (1) and (2). In fact, with the above value of AAGY -
we would predict that kgp/ky o is seven times larger with
pK /g = 9 than with pK '8 = 5.4, which is exactly the experi-
mentally observed value [32]. It therefore appears again
that a mechanism involving pre-equilibrium PT is compati-
ble with experiments.

So, what do the reported LFERs on phosphate-transfer
reactions actually tell us? Contrary to claims often found
in the literature, we find that they do not generally
provide the required information for deciding whether
the TS is associative or dissociative. In particular, large
negative values of Blg do not prove that the mechanism is
a dissociative unimolecular elimination and, in fact, we
find that a mechanism with pre-equilibrium proton trans-
fer fits the data equally well, if not better. On the other
hand, it appears that for asymmetric reactions of the
exothermic type (e.g. hydrolysis of 2,4-dinitrophenyl phos-
phate) the rate is considerably more sensitive to leaving
group than to nucleophile. This could mean that the TS
is mainly associated with leaving-group bond fission
which can, in principle, occur both early in a dissociative
process and late on an associative pathway. A concerted
mechanism with pre-equilibrium proton transfer to the
phosphate group also seems possible.

{sotope effects

Primary and secondary oxygen kinetic isotope effects in
phosphoryl transfer reactions can give information on the
change in P-O bonding between the transition and
ground states. If a certain P-O bond order decreases in
the TS then the ratio berween the °0O and 180 isotope
reaction rates 19k/!%k > 1 and a normal isotope effect is
observed. Conversely, if the bond order increases we get
an inverse isotope effect if that particular oxygen is iso-
topically substituted. Cleland and coworkers have mea-
sured secondary '80 nonbridge isotope effects for
glucose-6-phosphate hydrolysis in water [34,35] and alka-
line phosphatase [13]. In general, as metaphosphate-like
transition states might be expected to have an increased
bond order to P for the three nonbridge oxygens,
one would predict an inverse 0 isotope for such a
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mechanism. Conversely, a pentacovalent-like TS should
have a decreased bond order to P and a normal isotope
effect would then be anticipated. The observed 30
isotope effect for a single nonbridge oxygen was 1.0046
(i.e. normal and not inverse) in the hydrolysis of the
glucose-6-phosphate monoanion [35]. This value was then
corrected, however, according to the assumption of a pre-
equilibrium PT from a nonbridging oxygen to the one
bridging the leaving group (equation 3) by the observed
equilibrium isotope effect for deprotonation of the phos-
phate monoanion [34}. Hence, the resulting calculated
single 180 isotope effect for P-O bond cleavage of 1.0004
depends on the assumed mechanism rather than proving
it. That is to say, for a mechanism like equation 2 the cor-
rection would be in the opposite direction and a sizable
normal isotope effect would then result from P-O bond
cleavage in accordance with an associative mechanism.
The situation is also complicated by the fact that ab inirio
calculations on the dissociative mechanism produce a
transition state with only partial, rather than complete,
proton transfer to the leaving group [23], even when the
transfer involves an additional water molecule. Precisely
the same arguments as above can, in fact, be made con-
cerning the reported secondary '80 isotope effects in alka-
line phosphatase hydrolysis [13]. As the equilibrium non-
bridge 80 isotope effect for protonation/deprotonation of
phosphate groups is of similar magnitude as that observed
for the hydrolytic reaction, the interpretation of the
isotope effect on P-O bond cleavage is largely dependent
on the assumed mechanism.

In the case of p-nitrophenyl phosphate hydrolysis, both
180 bridge and nonbridge, as well as 1>N secondary isotope
effects have been measured by Hengge er @/ [36]. When
only the dianion of the reactant is involved (pH 10) there
can be no proton transfer from the phosphate to the leaving
group, and the dissociative mechanism does not require
any correction. The experiments in this case show an 130
nonbridge isotope effect of unity, however [36]. Hengge e
al. [36] suggest an explanation for the absence of the pre-
dicted inverse isotope effect in terms of metaphosphate
single bonding resonance structures, which might be quite
reasonable. An equation-4-type mechanism is again fully
compatible with the experiments, however, because a pre-
sumably normal isotope effect for formation of a penracoor-
dinate doubly negative species would be counterbalanced
by the inverse 18KeCl isotope effect on PT between the
water nucleophile and the phosphate dianion. The 80O
nonbridge isotope effect for the monoanion hydrolysis
(pH 3.5) was again found to be greater than unity, rather
than inverse, and therefore interpreted as resulting from
well-advanced proton transfer to the leaving group [36].
For p-nitrophenyl phosphate, the normal '80 bridge
isotope effect indicates that the TS indeed involves sub-
stantial leaving-group bond fission in accordance with
other data (see above). It is therefore very surprising that

the corresponding primary isotope effect in alkaline phos-
phatase is unity. This could well be interpreted as an argu-
ment for an associative mechanism in the enzyme.

It therefore appears that the isotope experiments also are
subject to interpretation in the framework of either asso-
ciative or dissociative mechanisms and one has to con-
clude that they do not provide decisive evidence for dis-
tinguishing between the two alternatives. Another issue
here, which may obscure the conclusions from nonbridge
oxygen isotope effect measurements in particular, is that
formal double bonding to P may actually involve signifi-
cant ionic character [37].

Entropies of activation

The diagnostic value of activation entropies for reaction
mechanism elucidation is often difficult to assess. It is gen-
erally true that bimolecular nucleophilic substitutions
involve a loss of translational entropy for the reactants and,
if this were the only entropv factor, one would expect to be
able to distinguish purely unimolecular and bimolecular
transition states by AS*. There are several other factors
that complicate the simple ‘translational entropy’ picture,
however: the possible entropy changes associated with intra-
molecular degrees of freedom as the transition state is
approached; steric factors that determine the configura-
tional volumes available to the reactants during the course
of the reaction; substantial solvation/desolvation effects
might be associated with charge redistribution and delocal-
ization that will also contribute to AS¥: and if proton trans-
fers accompany nucleophilic substitution the energetics of
such processes also often contain significant entropy terms.

The data of Kirby and Varvoglis [30] for the reaction of
pyridines with 2,4-dinitrophenyl phosphate  dianion,
monoanion and diester anion shows ASY values of —20 e.u.
A negative activation entropy of this magnitude clearly
reflects a bimolecular mechanism (second-order kinetics 1s
also followed [30]). The pyridines studied might, however,
be subject to steric hindrance in the 'T'S (especially com-
pared with H,0O, OH™ and so on) so that the actual contri-
bution from loss of translational freedom might well be
smaller than 20 e.u. As noted above, the amine nucleo-
philes studied are also uncharged and do not require
deprotonation in the given pH range.

In their study of hydrolysis of phosphate monoesters, on
the other hand, Kirby and Varvoglis [16] found substan-
tially more positive entropies of activation. For monoester
monoanion hydrolysis AS* values ranged between —1 and
-6 e.n. The value AS* =—6.0c.u. for 2,4-dinitrophenyl
phosphate monoanion can also be compared with that
obtained for the dianion, AS* = +6.6 e.u. (see also [39]).
The more positive activation entropy for the dianion
could, for example, be interpreted as a solvation effect
because, whatever the TS may lock like, it is bound to



have the —2 charge more delocalized than in the dianion.
Such an effect would thus be expected for both associative
and dissociative mechanisms. On the other hand, a pre-
equilibrium proton transfer between H,O and a phosphate
dianion (eq. 4) is also expected to be associated with a pos-
itive entropy contribution (from Table D-174 of [39] one
finds AS° >0 in this case). Furthermore, it is possible for
both the monoanion and dianion that the H,O nucle-
ophile is rotationally more restricted in the assoctated
reactant ‘complex’ (ground state) than in the TS due to H-
bonding with the phosphate group. It is also not clear at
present exactly how the various force constants involving
the phosphate group would change- along the associa-
tive—dissociative diagonal of Figure 1a. Of interest here is
also the observation by Barnard ¢/ /. [40] that the rate dif-
ferences for monoanion hydrolysis (e.g., between methyl
and p-nitrophenyl phosphate) are due to changes in
entropy rather than activation energy.

Concerning the overall magnitudes of AS* for the hydrolysis
of 2,4-dinitrophenyl phosphate (mono- and dianions) com-
pared with the reaction with amines, at least part of the
more positive value could come from reduced steric hin-
drance in the TS, but how much is difficult to say. In this
context, it is interesting to note that the (bimolecular)
attack of OH~ on CO, proceeds with AS* ~0 and that of
H,O with slightly more negative activation entropy [41,42],
but far from the —20e.u. often quoted for bimolecular
mechanisms. Regarding the entropic cost of restricting the
motion (translational and rotational) of water molecules,
Dunicz [43] has reported AS® values for incorporation of
water into crystalline hydrates. It was found that the
entropy cost of immobilizing a water molecule in a crys-
talline salt is at most 7 e.u. at 300K, and therefore con-
cluded that this would be an upper limit for the cost of
binding water to macromolecules [43]. Another estimate of
translation entropy loss upon binding that is often used
[44], is based on the Sackur-Tetrode equation. This
formula, in fact, predicts a standard-state entropy difference
between water and pyridine of —4.4 c.u., suggesting that
part of the difference in activation entropy between the
pyridine and water reaction with 24-dinitrophenyl phos-
phate could simply reflect the difference in translational
entropy for the free nucleophiles. In view of above discus-
sion, it appears to us that, although the hydrolysis of phos-
phate monoesters do proceed with more positive values of
AS? than the corresponding reactions with amines, the data
do not justify postulation of two significantly different
mechanisms because the activation entropies can be
affected by a number of factors.

Conclusions and prospects

We have examined the often cited evidence for dissocia-
tive (unimolecular elimination) solution reactions of phos-
phate monoesters in more detail. Most of the experimental
data used as arguments for such a mechanism are, in fact,
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subject to interpretations and can equally well be consid-
ered consistent with an alternative bimolecular associative
or concerted mechanism involving pre-equilibrium proton
transfer to the phosphate group. In particular, the often-
used argument thar a large negative Brgnsted coefficient
for the rate dependence on leaving group proves the mech-
anism to be dissociative is fundamentally flawed.

Is there then any way to really determine the nature of the
transition states for phosphate monoester reactions? It
seems likely that current advances in combining high-level
quantum chemical calculations with reliable solvent repre-
sentations could contribute to solving this type of problem.
The interpretation of isotope experiments would also
benefit from accurate theoretical calculations that address
isotope-substitution effects along the possible reaction
pathways. Another important source of information is
crystal structures of relevant enzyme complexes with TS
analogues, although it is likely that some enzymes can
change the mechanisms of their catalyzed reactions. On
the other hand, it is indisputable that enzymes do provide
a unique negative or complementary picture of the TS of
the reaction that takes place in their active site. As far as
phosphate monoester reactions are concerned, it is repeat-
edly found that positive charges ligate the nonbridging
oxygens [5-12], which would appear to act anticatalytically
in a dissociative mechanism [3,4,12,45]. Moreover, nucle-
ophile-phosphorous—leaving-group  distances  inferred
from bound inhibitors are often incompatible with, at least,
the existence of free metaphosphate. It therefore seems
quite possible that mechanisms of the associative type can
be operational both in enzymes and in solution. It is also
possible that the energetics of the associative and dissocia-
tive mechanisms are quite simiar in solution and that the
enzyme active site actually determines which of these
mechanisms will be operational. The mechanisms of the
phosphate transfer reactions we have discussed here are
not vet well established, as one is often led to believe, but
rather still require further conclusive determination.
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